Abstract: Light-emitting electrochemical cells (LECs) are solution-processable thin-film electroluminescent devices consisting of a luminescent material in an ionic environment. The simplest type of LEC is based on only one material, ionic transition-metal complexes (iTMCs). These materials are of interest for different scientific fields such as chemistry, physics, and technology as selected chemical modifications of iTMCs resulted in crucial breakthroughs for the performance of LECs. This short review highlights the different strategies used to design these compounds with the aim to enhance the performances of LECs.
INTRODUCTION
Light-emitting electrochemical cells (LECs) are a promising new type of lighting device. They are single-layer electroluminescent devices consisting of a luminescent material in an ionic environment [1, 2] . The luminescent material is either a conjugated light-emitting polymer in combination with inorganic salts or an ionic transition-metal complex (iTMC) used in polymer-based LECs (PLECs) or iTMC-LECs (Fig. 1) . The main characteristic of these devices is their insensitivity to the work function of the electrodes employed, owing to the role of the mobile ions in the operation mechanism. Currently, there are three models competing to be accepted, namely: (a) electrochemical [1, [3] [4] [5] [6] [7] [8] , (b) electrodynamic [9] [10] [11] [12] [13] , and (c) a unified model [14, 15] . Nevertheless, all models agree that the key of the mechanism in LECs is the assistance of the mobile anions to the injection process. Therefore, in contrast to conventional organic light-emitting diodes (OLEDs), air-stable electrodes, such as gold, silver, or aluminum, can be used, and as a consequence their encapsulation does not have to be as rigorous as with OLEDs.
iTMC-LECs are based on only one active component, and thus they can be considered to be the simplest kind of electroluminescent device (Fig. 1b) . iTMCs can support all three necessary processes for electroluminescence, namely: charge injection, charge transport, and emissive recombination. Although high power efficiency, short turn-on time, and reasonable lifetimes have been achieved individually in green and orange LECs, there is no single device having all those properties, and there are also few reports of blue-emitting devices. Accordingly, there is much scope for continuing research to progress in this field of simple light-emitting devices. All the improvements recently reached in iTMC-LECs have been achieved using different Ir-iTMCs [14, . There are several reasons that justify the selection of Ir-iTMCs over other complexes like Ru-iTMCs. First, the dissociative metal-centered ( 3 MC) excited states are less accessible, which leads to an enhancement of the photostability compared to Ru-iTMCs [68] [69] [70] [71] [72] . Second, the high photoluminescence quantum yields (PLQY or φ) observed for Ir-iTMCs compared to those reported for Ru-iTMCs are due to the larger spin-orbit coupling resulting from the third-row Ir(III) ion [69, 73] . Third, the frontier molecular orbitals in these Ir-iTMCs are well located over different regions of the complex. The highest occupied molecular orbital (HOMO) is usually composed of the π-HOMO of the C^N ligands and the dπ orbital of the metal, whereas the lowest unoccupied molecular orbital (LUMO) is located on the ancillary ligand (Fig. 3) . The nature of the emitting excited triplet state, which is normally described as a monoelectronic transition HOMO → LUMO, presents a mixed character of metalto-ligand and ligand-to-ligand charged transfer (MLCT and LLCT, respectively). Therefore, depending on independent chemical modifications of both ligands, the HOMO-LUMO energy gap in these complexes can be easily tuned. This has led to the development of ionic emitters in the entire visible spectrum region [33, 35, 42, 47, 53, 63, 64, [74] [75] [76] .
Taking into account the above-discussed properties of Ir-iTMCs, the C^N (Hppy and Hppz) and N^N (bpy and phen) ligands showing different substitution schemes are selected and combined to build up complexes with desired properties for obtaining better performances in LECs. In this brief review we present a selection of specific Ir-iTMCs that have provided important breakthroughs in LECs concerning different points such as color, efficiency, and stability, which were achieved in the framework of the first author's thesis. This work is presented in several sections concerning the color emission (deep-red, orange, green, and blue regions) together with the most important achievements reported for LECs to date.
ELECTROFLUORESCENCE OF DEEP-RED LECs
Only a few examples of LECs have been reported that emit in the deep-red or infrared regions using single iTMCs as the main component [35, 56, 77, 78] . The main reason for this is the lack of iTMCs with low HOMO-LUMO energy gaps that show phosphorescence emission with high PLQYs. Red emitters have been usually designed by attaching electron-withdrawing groups on the N^N ligand or by using N^N ligands with a low-energy LUMO such as the biq ligand (2,2'-biquinoline) [35, 53, 56, 74, 76] . A new plausible alternative that involves the chemical attachment of a fluorescent emitter that has a high PLQY to an iTMC has been recently presented [51, 79] . Perylene diimides (PDIs) were selected as a fluor escent emitter because of their exceptional photochemical stability, their high fluorescence quantum yields in the deep-red region, and their good electron-transport properties [80] . We demonstrated that the synergistic collaboration between an Ir-iTMC (that functions as the hole conductor) and a red fluorescent PDI emitter (that is an electron-transporting material and shows high PLQY), leads to highly efficient emission in the deep-red region.
In this new compound [Ir(ppy) 2 (phen-PDI)][PF 6 ] (Fig. 4a) , the PDI moiety is directly attached to the Ir-iTMCs to avoid phase separation processes due to their different natures. The optimized molecular structure of this complex shows that both moieties are in a perpendicular configuration, which indicates that they are electronically decoupled. The HOMO and LUMO are located on the PDI part and correspond to the π HOMO and LUMO of PDI, respectively (Fig. 4b) . Therefore, the topology of the frontier orbitals suggests that emission should originate from the PDI fragment. Indeed, the photoluminescence spectrum exhibits a structured band at 619 nm, similar to the fluorescence spectra of previously reported PDI compounds [81] , and different from the phosphorescence spectrum of the iridium complex ( Fig. 4c ). In addition, the high PLQY (55 %, by irradiation of the PDI unit) and the low excited-state lifetime (3.0 ns) recorded for the emission unambiguously indicate that the emitting state is the lowest excited singlet state of the PDI part of the molecule.
This compound was tested in LECs [51] . The features of the electroluminescence spectrum recorded at 3 V (Fig. 4c ) are similar to those observed for the photoluminescence registered in solution, which indicates that the electroluminescence process occurs from the excited singlet state located on the PDI. The CIE coordinates of the emitted light are x = 0.654 and y = 0.344 and correspond to a deepred color [82] .
Upon applying a bias of 3 V to the device (Fig. 4d) , the luminance reaches values slightly higher than those reported for iTMC-based LECs that emit in the same wavelength region [56, 77, 78] . In fact, high values of current efficiency (2.5 cd/A), maximum power efficiency (2.56 Lm/W), and external quantum efficiency (3.27 %) are reached after approximately 22 min of device operation. These values are the highest reported for LECs in the deep-red or near-infrared region. This improvement is attributed to the combination of two effects: (a) the high PLQY (55 %), which increases the radiative recombination, and (b) the low lifetime of the generated excitons (3 ns), which decreases its diffusion time. Thus, nonradiative decay processes via impurities or grain defects [83] have a lower probability to occur.
STABLE ORANGE LECs
The stability of LECs is defined as either the lifetime [t 1/2 (h), time to reach half of the maximum luminance value] or the total emitted energy [E tot (J), a value that results from the integration of the radiant flux vs. time from t = 0 (application of bias) to t = t 1 [84] . The degradation mechanism of the iTMCs is described as an exchange reaction in which the ancillary ligand (bpy) is replaced by two nucleophilic molecules (H 2 O) when the metal-centered excited states ( 3 MC) are populated [68, 69, 71, 72] . The nucleophilic molecules make their closest approach to the metal core through the octahedral faces of the open coordination sphere. Hence, the protection of the coordination sphere of the complex against the entrance of nucleophilic molecules is highly desirable to design stable iTMCs. Following this idea, several works have recently been reported in which designed supramolecularly caged Ir-iTMCs lead to long-living LECs [31, 45, 46, 52, 59, 60, 65, 67] . The supramolecularly caged conformation is obtained by using intramolecular π-π interaction, which is obtained by attaching a phenyl group to the ancillary ligand (Fig. 5) .
One of the latest breakthroughs in the stability of LECs was obtained using the complex [Ir(dmppz) 2 (pbpy)][PF 6 ] (Fig. 5) [60] . Figure 6 depicts the X-ray structure of the cation in the lattice of [Ir(dmppz) 2 (pbpy)][PF 6 ]. It shows the same intracation face-to-face π-stacking of the pendant phenyl ring of the pbpy ligand as observed in similar complexes [45, 46, 52, 59, 60] . The π-stacking interaction is observed between the rings containing C1 and C33 (centroid-centroid distance, 3.51 Å). Density functional theory (DFT) calculations on the ground state of this complex show that the topologies of the HOMO and LUMO are similar to those described for similar Ir-iTMCs (Fig. 6) [31, 35, 59] .
The photophysical properties of this complex are characterized by an unstructured and broad photo luminescence spectrum with a maximum emission wavelength of 574 nm. The PLQY and the excited-state lifetime in de-aerated acetonitrile solution (λ exc = 355 nm) were 2 % and 0.6 μs, respectively. As expected, the nature of the emitting triplet state (T 1 ) is a mixed 3 MLCT/ 3 LLCT character resulting from the HOMO → LUMO excitation (Fig. 6c) . DFT calculations show that the π-stacking interaction is preserved in the T 1 and 3 MC excited triplet states with centroid-centroid distances of 3.58 and 3.78 Å, respectively. The intramolecular π-interaction determines that in the 3 MC state the Ir-N dmppz bond implying the dmppz ligand where the π-stacking is present is significantly shorter (0.20 Å) than the other Ir-N dmppz bond. This fact has been also observed in other supramoleculary caged complexes [45, 46, 52, 59, 60] . Hence, this π-π interaction leads to the formation of a stable supramolecular cage conformation both in the ground and in the excited states (emitting and 3 MC states) of the Ir-iTMCs, which should reduce the degradation process and lead to highly stable LECs. LECs employing the above-mentioned complex were prepared showing high lifetime both expressed as t 1/2 (2000 h) and E tot (18.7 J). These values were significantly the highest values reported up to now using a constant applied voltage of 3 V. Furthermore, these LECs also show a high stability at high applied voltages, which confirms their robustness against the degradation process.
The main reason for this behavior is the combination of two synergic effects: the intramolecular π-π interaction and the presence of methyl groups that help in blocking the entrance of nucleophilic molecules (Fig. 6, top) . The pendant methyl groups of the dmppz ligands are located over the octa hedral faces containing the N^N ligand and are a clear impediment to the entrance of nucleophilic molecules, thus rendering the degradation more difficult. Therefore, the use of alkyl groups in these positions additionally protects the iTMC against degradation, thus explaining the improvement in the stability of LECs. This assumption is also corroborated by the lower stabilities (t 1/2 142 h and E tot 0.33 J) of LECs employing a similar complex without the methyl groups on the pyrazole ligands.
Recently, another group has adopted this strategy, and this group also obtains a significant enhancement of the stability [67] .
EFFICIENT GREEN LECs
The efficiency of iTMC-based LECs depends primarily on the PLQY of the complex in film [44] . The PLQY for most of the Ir-iTMCs is low in a film with the same composition as in the active layer used in LECs. The reason is the strong self-quenching produced by the proximity of the complexes. Slinker et al. reported one of the most promising strategies to increase the PLQY of Ir-iTMCs, which led to highly efficient LECs [30] . This strategy consists of the attachment of bulky groups to the periphery of 6 ] complexes, on which several bulky 9,9-dihexylfluorene and 9,9-carbazolylfluorene side groups were attached to the bpy and phen ligands. They demonstrated that the addition of bulky groups has little effect on the electronic properties of the complex and only enhances the steric hindrance that reduces the self-quenching in thin films. Thus, they provide efficient LECs with current efficiencies of 7 cd/A. However, the use of even bulkier groups induces an undesired reduction of the charge carrier mobility, as a consequence of the larger intermolecular separation. Similar results were also obtained in our group studying a series of supramolecularly caged complexes in which the size of the bulky groups increases [59] . They demonstrated that the use of bulky groups provides two main effects on LECs: (a) the efficiency increases because of the reduction of the self-quenching in the thin film, and (b) the stability also enhances because of the hydrophobic character of the Ir-iTMCs. Another plausible strategy to increase the average intersite distance between iTMCs is to connect two Ir-iTMCs by a rigid π-conjugated spacer. Novel green-emitter dumbbell-shaped dinuclear Ir-iTMCs (Fig. 7) incorporating the oligophenylene ethynylene spacer endowed with two bipyridyl units have been recently reported [58] . The terminal bipyridyl units are used to link two heteroleptic Ir-iTMCs whose coordination sphere is completed with two F 2 -ppy ligands. The photoluminescence of the spacer is characterized by a poorly resolved structured band with maximum emission at 443 nm (Fig. 7) . In contrast, the photoluminescence of the dinuclear compound is described as a broad structureless band in the green region (521 nm). The shape of the band and the emission maximum recorded for the dinuclear Ir-iTMCs perfectly agree with those obtained for the end-capping Ir-iTMCs (Fig. 7) . Hence, the nature of the emitting excited state is ascribed to the phosphorescence of the end-capping iTMCs. However, this compound presents very poor photophysical properties. The dinuclear complex shows a very low PLQY of 0.7 % compared to that measured for the end-capping Ir-iTMCs (18 %). We demonstrated this result by using transient absorption experiments in the μs time domain in combination with DFT calculations that the lowest triplet state of the dinuclear compound corresponds to a 3 π-π state located on the conjugated spacer. The appearance of this state below the emitting states of the endcapping Ir-iTMCs effectively quenches the phosphorescent emission from the iTMCs and leads to very low photoluminescent performances.
Standard LECs based on this compound show an electroluminescent emission in the green region (CIE coordinates: x = 0.3696, y = 0.4625) [82] with a maximum at 540 nm (Fig. 7) . It was shown that the self-quenching caused by high iTMC concentration in the device was reduced.
DESIGNING LIGANDS FOR BLUE LECs
As mentioned above, two general strategies have been used to shift the emission to the blue region. One way is to attach electron-withdrawing substituents onto the phenyl groups of the ppy ligand, which stabilizes the HOMO, and electron-donating substituents onto the bpy ligand, which destabilizes the LUMO [35, 74, 76] . Thus, the HOMO-LUMO energy gap is enlarged and the emission color shifts toward the green/blue region. The second strategy is to use different types of C^N and N^N ligands. (Fig. 8) , with a wide bandgap [42] .
The photoluminescence spectrum recorded for [Ir(F 2 -ppy) 2 (Met 4 phen)][PF 6 ] in de-aerated acetonitrile solution shows a structured band with one intense maximum at 476 nm, a second less intense maximum at 508 nm, and a low-intensity shoulder around 550 nm (Fig. 8) . Such a structured emission spectrum indicates a significant contribution from a ligand-centered (LC) π-π* transition. Upon applying an external bias of 3 V to an ITO/PEDOT:PSS/[Ir(F 2 -ppy) 2 (Met 4 phen)][PF 6 ]/Al LEC device, an increase in the current density and luminance is observed, reaching a low luminance value of 30 cd/m 2 with a maximum power efficiency of 5.8 Lm/W. The color of the emitted light is more striking than the high power efficiency. Instead of the expected blue emission color, the LEC device emits green light (560 nm, CIE coordinates: x = 0.417 and y = 0.533) [82] , which implies a shift of 84 nm with respect to the solution-based emission spectrum (Fig. 8) . In order to determine the origin of this large red-shift, we studied the photoluminescent properties of a series of thin films of polymethylmethacrylate (PMMA) with increasing amounts of the complex [Ir(F 2 -ppy) 2 (Met 4 phen)][PF 6 ] ranging from 1 to 100 % (Fig. 8) . We found that the photoluminescence spectrum of highly diluted films is similar to that obtained from the complex in acetonitrile solution, while the spectrum from concentrated films is more similar to the emission profile obtained in LECs. The observed shift of the emission spectrum for [Ir(F 2 -ppy) 2 (Met 4 phen)][PF 6 ] in an LEC device is primarily related to the concentration and, hence, to the intersite distance of the complex in the solid film. We also discarded the relation between the concentration-dependent emission spectrum and the formation of dimers and/or excimers, which are known to cause a red-shift in the emission spectrum [88] . The commonly observed feature for excimer emission in this type of complex is the increase of the excited-state lifetime. The emission lifetime was studied, showing that it ranges from a few microseconds in a polymer film containing 5 % of the iTMC to a few nanoseconds in the case of the 80 and 100 % doped polymer films. This decrease of the excited-state lifetime ruled out the possibility of excimer emission.
Hence, we proposed another explanation for the observed shift of the emission wavelength. This is related to the different emissive triplet states predicted from quantum chemical calculations. According to these calculations, at least three low-energy triplet states, lying within 0.10 eV, are present in this iTMC. Although the energy difference is small, the estimated vertical emission energies associated with these triplets differ by as much as 60 nm. Hence, the concentration-dependent emission seems to be related to the presence of multiple excited triplet states, whose energetic ordering changes as a function of the local environment of the complex.
Other groups have successfully proposed other ancillary ligands to obtain blue emission in LECs [47, 63, 64] . 6 ] at several molar ratios on quartz substrates (λ exc = 300 nm).
